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B
ecause increased oxygen extraction fraction (OEF) is considered the hallmark of the ischemic penumbra as target tissue for reperfusion therapies in acute stroke, imaging methods assessing oxygen metabolism complement perfusion-weighted imaging (PWI) to estimate the penumbra more precisely. 1 Quantitative magnetic resonance imaging (MRI) with T2′/R2′ (1/T2′=R2′) mapping detects locally elevated concentrations of deoxygenated hemoglobinwhich result in a decrease of T2′ (increase of R2′) valuesand is presumably able to identify areas with increased OEF as suggested by a previous study.
2 R2′ is assumed to be proportional to the product of OEF and relative cerebral blood volume (R2′=c×OEF×rCBV, with c as a tissue-specific constant). 3 Increases of rCBV with accumulation of deoxygenated hemoglobin because of autoregulatory mechanisms in acute stroke 4 might therefore decrease, respectively increase T2′/R2′ values despite a constant OEF and raise problems for their use as surrogate parameters of elevated oxygen extraction. We, therefore, sought to investigate the relationship between T2′/R2′ and rCBV in patients with acute large-vessel stroke, which has important implications for the understanding of T2′-based oxygenation-sensitive MRI techniques.
Methods Patients
Twenty-one patients aged ≥18 years with ischemic stroke caused by middle cerebral artery and internal carotid artery occlusion were included in the study from April 2013 to December 2014. All patients received intravenous thrombolysis after exclusion of contraindications and underwent thrombectomy according to a present mismatch between the lesions in diffusion-weighted imaging and PWI. The study was approved by the local ethics committee, and written informed consent was obtained from all patients.
MRI Protocol
MRI data were acquired on a Siemens 3 Tesla scanner (Magnetom Verio). Besides a stroke MRI protocol, quantitative T2 and T2* mapping was performed to obtain T2′ maps. PWI was performed thereafter with an acquisition time of 1:23 minutes (see the online-only Data Supplement for details).
Background and Purpose-Quantitative T2′/R2′ mapping detect locally increased concentrations of deoxygenated hemoglobin-causing a decrease of T2′ and increase of R2′-and might reflect increased cerebral oxygen extraction fraction. Because increases of (relative) cerebral blood volume (rCBV) may influence T2′ and R2′ through accumulation of deoxygenated hemoglobin, we aimed to investigate the impact of rCBV on T2′/R2′ in patients with ischemic stroke. Methods-Data from patients with acute internal carotid artery and middle cerebral artery occlusion were analyzed. T2′, R2′, and rCBV were measured within the ischemic core, slightly and severely hypoperfused areas, and their relationship was examined. Results-A strong negative correlation with rCBV was found for R2′ (r=−0.544; P=0.002), and T2′ correlated positively with rCBV (r=0.546; P=0.001) in time-to-peak-delayed areas. T2′/R2′ within hypoperfused tissue remained unchanged at normal or elevated rCBV levels. Conclusions-T2′ decrease/R2′ increase within hypoperfused areas in ischemic stroke is not caused by local elevations of rCBV but most probably only by increased cerebral oxygen extraction fraction. However, considering rCBV is crucial to assess extent of oxygen extraction fraction changes by means of T2′/R2′. 
Data Postprocessing
After correction of T2* maps for motion-related artifacts (onlineonly Data Supplement), T2′/R2′ maps were calculated using the equations 1/T2′=1/T2*−1/T2 and R2′=1/T2′. PWI was used to calculate time-to-peak (TTP) and rCBV maps. After determination of the arterial input function, the signal-time curves were inspected thoroughly. Only data sets with a signal return to baseline and fully definable area under the curve were used to calculate rCBV maps based on singular value deconvolution. Diffusion-weighted imaging and PWI maps were coregistered to the T2′ and R2′ maps with FMRIB Software Library registration tools (http://www.fmrib. ox.ac.uk).
Regions-of-Interest Definition and Analysis
Parameter values were extracted from 4 regions of interest and corresponding contralateral normoperfused areas: (1) the ischemic core, defined on apparent diffusion coefficient maps by a threshold of <550×10 −6 mm 2 /s, (2) the entire diffusion-weighted imaging/ PWI mismatch area (any TTP delay), (3) tissue with TTP delay of 0 to 4 seconds (presumed oligemia), and (4) tissue with TTP delay ≥4 seconds (presumed penumbra; Figure I in the online-only Data Supplement). 5 Region-of-interest analysis was performed using ImageJ version 1.50 (http://imagej.nih.gov/ij).
Statistical Analysis
We used SPSS 23 for statistical analysis. T2′, R2′, and rCBV of the affected and the unaffected hemisphere were compared with the Wilcoxon signed-rank test, and correlations were tested using Spearman rank correlation.
Results
Six patients were excluded because of insufficient bolus arrival/transit or motion-related artifacts. Fifteen patients (5 men; mean age: 69±11.6 years) were retained for further analysis. Mean time from symptom onset to MRI was 236±71 minutes (Table I in the online-only Data Supplement).
Significant decreases of T2′ values/ increases of R2′ values were found in all regions of interest (Table) . rCBV was decreased in all tissue compartments with significant decreases compared with corresponding contralateral areas within the ischemic core and areas with a TTP delay of ≥4 seconds (Table) . rCBV was significantly lower in TTP-delayed areas of ≥4 seconds compared with oligemic areas (P=0.023). T2′ and R2′ did not differ significantly between these compartments (P=0.937 and P=0.500). For all hypoperfused tissues, we found a significant positive correlation between T2′ and rCBV (r=0.546; P=0.001) and a significant negative correlation between R2′ and rCBV (r=−0.544; P=0.002). In hypoperfused areas with reduced rCBV (hemispheric ratio <1), we found a significant positive correlation between T2′ and rCBV (r=0.334; P=0.033). R2′ correlated negatively with rCBV (r=−0.338; P=0.032; Figure 1A and 1C). At a stable or elevated rCBV ratio (hemispheric ratio ≥1), T2′ values and R2′ values within hypoperfused areas were not different from those in contralateral unaffected tissue ( Figure 1B and 1D ).
Discussion
Our study shows that in general, decreases of T2′ and increases of R2′ within hypoperfused tissue in acute stroke are not caused by increases of rCBV but must be explained by an increased OEF causing elevated local concentrations of deoxygenated hemoglobin. Given the assumed proportionality of R2′ (1/T2′) to the product rCBV×OEF 3 and the heterogeneity of rCBV within perfusion-restricted areas in acute stroke (Figures 1 and 2) , our results underline the necessity to examine its influence on oxygenation-sensitive MRI techniques.
We found a significant negative correlation between R2′ and rCBV and a significant positive correlation between T2′ and rCBV within hypoperfused tissue. Furthermore, T2′ and R2′ in hypoperfused tissue were not different from the contralateral side in those areas where rCBV was unchanged or increased compared with the unaffected side. This suggests benign oligemia in those areas with intact cerebral autoregulation and sufficient oxygen supply. These findings indicate that the T2′ decrease/R2′ increase observed in areas with reduced rCBV do not depend on rCBV itself but are a consequence of an increased OEF to compensate for reduced perfusion. 
